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The tetragonal ferrimagnetic Mn3Ga exhibits a wide range of intriguing magnetic properties.
Here, we report the emergence of topologically nontrivial nodal lines in the absence of spin orbit
coupling (SOC) which are protected by both mirror and C4z rotational symmetries. In the presence
of SOC we demonstrate that the doubly degenerate nontrivial crossing points evolve into C4z-
protected Weyl nodes with chiral charge of ±2. Furthermore, we have considered the experimentally
reported noncollinear ferrimagnetic structure, where the magnetic moment of the MnI atom (on the
Mn-Ga plane) is tilted by an angle θ with respect to the crystallographic c axis. The evolution of the
Weyl nodes with θ reveals that the double Weyl nodes split into a pair of charge-1 Weyl nodes whose
separation can be tuned by the magnetic orientation in the noncollinear ferrimagnetic structure.
PACS numbers: 73.20.At, 75.50.Gg
I. INTRODUCTION
The discovery of topological states of matter repre-
sents a cornerstone of condensed-matter physics that may
accelerate the development of quantum information and
spintronics and pave the way to realize massless particles
such as Dirac and Weyl fermions. A Weyl semimetal
(WSM) is a topological semimetallic material hosting
doubly-degenerate gapless nodes near the Fermi level in
the three-dimensional (3D) momentum space1–4. The
nodes correspond to effective magnetic monopoles or an-
timonopoles which carry nonvanishing positive and neg-
ative chiral charge ±q. Typically, q takes values of ±1
corresponding to Weyl nodes, but is also possible to have
integers, q = ±2,±3, . . . for double Weyl nodes, etc.5
The Weyl nodes gives rise to surface states which form
open Fermi arcs rather than closed loops.
Compared to their Dirac semimetal counterparts,
WSMs require the breakdown either of inversion symme-
try or time reversal symmetry (TRS) to split each four-
fold degenerate Dirac node into a pair of Weyl nodes. A
number of WSMs that break inversion symmetry have
been identified in the past few years1–4. Moreover the
presence of crystalline symmetries can further protect
multiple Weyl nodes with large chiral charge6–8. On the
other hand, the discovery of their broken TRS counter-
parts, which link the two worlds of topology and spin-
tronics, remains challenging and elusive6. Many poten-
tial TRS-breaking WSM have been proposed. Recently,
three groups have provided unambiguous and direct ex-
perimental confirmation that Co3Sn2S2
9, which becomes
a ferromagnet below 175 K, and Co2MnGa, a room-
temperature ferromagnet10, are TRS-breaking WSMs.
The discovery of magnetic WSMs give rise to exotic quan-
tum states ranging from quantum anomalous Hall effect
to axion insulators3.
Another remarkable and highly promising class of
magnetic materials is the Heusler family11,12 which in-
cludes half metals,13 ferromagnets, ferrimagnets, antifer-
romagnets, and even topological insulators14,15 and Weyl
semimetals. In particular the ferrimagnetic and antifer-
romagnetic compounds with antiparallel exchange cou-
pling, have recently garnered intense interest because of
the faster spin dynamics (in the terahertz range) com-
pared to the gigahertz-range magnetization dynamics of
their ferromagnetic counterparts.16
The Mn3X (X=Ga, Ge, Sn) Heusler compounds are
considered prototypes with promising applications in the
area of spintronics12,17. These compounds can be ex-
perimentally stabilized in either the hexagonal DO19
structure ( phase) or the tetragonal DO22 structure
(τ phase)18. The high-temperature hexagonal crystal
structure is antiferromagnetic with a high Ne´el temper-
ature (∼ 470 K) and a noncollinear triangular magnetic
structure. Recently, several experimental and theoretical
studies have demonstrated19–25 the emergence of large
anomalous Hall effect (AHE) in the noncollinear AFM
hexagonal Mn3X family, whose origin lies on the non-
vanishing Berry curvature in momentum space. In addi-
tion, ab initio calculations have revealed that these chiral
AFM materials are topological Weyl semimetals21. On
the other hand, the low-temperature tetragonal phase,
which can be obtained by annealing the hexagonal phase,
is ferrimagnetic at room temperature and shows a unique
combination of magnetic and electronic properties, in-
cluding low magnetization,26 high uniaxial anisotropy,27
high spin polarization (≈ 88%),28–30 low Gilbert damp-
ing constant,28 and high Curie temperature.31 Interest-
ingly, neutron scattering experiments have reported32 a
noncollinear ferrimagnetic magnetic structure in Mn3Ga,
where the magnetic moment orientation of the Mn atoms
on the Mn-Ga (001) plane is tilted by about 21°with re-
spect to the crystallographic c axis.
The objective of this work is to carry out first-
principles electronic structure calculations to investigate
the emergence of topological nodal lines in the absence
or presence of SOC in tetragonal ferrimagnetic Mn3Ga.
Furthermore, we present results of the effect of non-
collinear magnetism on the evolution of the Weyl nodes.
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2II. METHODOLOGY
The electronic structure calculations were carried out
by means of first-principles spin-polarized collinear cal-
culations within the density functional theory (DFT)
framework as implemented in the VASP package33.
The Perdew-Burke-Ernzerhof34 (PBE) implementation
of the generalized gradient approximation (GGA) for
the exchange-correlation functional was employed. The
plane-wave cutoff energy was set to 400 eV, which was
enough to yield well-converged results. The Brillouin
zone (BZ) was sampled using a Γ-centered mesh of
10x10x10 k-points. The structure was allowed to relax
until residual atomic forces became lower than 0.01 eV/A˚
and residual stresses became smaller than 0.01 GPa. The
spin-orbit coupling (SOC) of the valence electrons is in
turn included self-consistently using the second-variation
method employing the scalar-relativistic eigenfunctions
of the valence states35, as implemented in VASP. Then,
DFT derived wave functions both without and with SOC
were in turn projected to Wannier functions using the
wannier90 package 36.
In the DO22 structure (I4/mmm space group) the
two (001) antiferromagnetically-coupled Mn sublattices,
shown in Fig. 1(a), consist of MnI atoms at the Wyckoff
positions 2b (0,0,1/2) [MnI -Ga (001) plane] and MnII
atoms at the 4d (0,1/2,1/4) positions [MnII -MnII (001)
plane]. For the noncollinear calculation, where the mag-
netic moment of the MnI is rotated by an angle pi−θ with
respect to the [001] direction, the angular dependence of
the Wannier Hamiltonian is determined from,
H(k, θ) = H0(k) + U(θ)Hex(k)U
†(θ). (1)
Here, H0(k) is the TRS preserving Hamiltonian with-
out or with SOC, [TH0(k)T
−1 = H0(−k)], T is the TRS
operator, Hex(k) is the TRS-breaking exchange Hamilto-
nian, [THex(k)T
−1 = −Hex(−k)], U(θ) = e−ipi−θ2 σy,MnI
is the spin rotation operator, and σy,MnI is the y compo-
nent of Pauli matrix acting on the spin degrees of freedom
of MnI .
III. RESULTS AND DISCUSSION
A. Nodal lines in the absence of SOC
The calculated lattice parameters a = b=3.78 A˚ and
c=7.08 A˚, are in good agreement with previous calcula-
tions32,37,38, which are, however, lower than the experi-
mental values of a = b=3.92 A˚ and c=7.08 A˚. Our cal-
culated values of the magnetic moments of -2.83 µB and
2.30 µB for the MnI and MnII atoms, respectively, are in
good agreement with previous DFT calculations32,37,38.
Fig. 1(c) shows the spin-polarized band structure of
the majority- (blue) and minority-spin (red) bands of
Mn3Ga without SOC and with collinear spins along the
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FIG. 1: (Color online) (a) The tetragonal cell of the DO22
ferrimagnetic structure with [001] spin polarization. Arrows
denote the magnetic moments of MnI (purple) and MnII (red)
sublattices which are coupled antiferromagnetically. (b) First
Brillouin zone of the primitive cell shown in panel (a). (c)
Spin-polarized band structure without SOC along the high
symmetry directions of the primitive cell, where the spin-up
(spin-down) bands are denoted by blue (red).
symmetry lines of the Brillouin zone (BZ) of the prim-
itive cell, shown in Fig. 1(b). For each spin channel,
the energy bands can be labeled by the eigenvalues of
the crystalline symmetry operator of a particular high
symmetry direction. The band structure along the M-
Γ-M direction, shown in Fig. 2(a), features several band
crossings close to the Fermi level. Thus, throughout the
remainder of the manuscript, we only focus on the cross-
ing points, marked by black circles in Fig. 2 (a), between
the majority-spin bands along the kz (Γ−M) direction.
These points are protected by both a mirror reflection
symmetry normal to the [110] direction, M[110], and a
four-fold rotational symmetry, C4z, and hence can be la-
beled by the pair of eigenvalues, (±1,±1), of M[110] and
C4z, respectively. We have tracked the nodal lines on
the M[110]-invariant plane. The other nodal lines on the
M[11¯0]-invariant plane were determined using the C4z ro-
tational symmetry. Fig. 2(b) shows the 3D landscape of
nodal lines in momentum space. We find that the nodal
lines are topologically nontrivial characterized by the pi
Berry phase39–41. The two black points denote the non-
trivial crossing points as well as the intersecting points of
nodal lines along the kz direction in Fig. 2(b). Notably
the crossing points remain gapless and robust against a
distortion breaking either M[110] or C4z.
3B. Weyl Nodes in the Presence of SOC
In the presence of SOC, the symmetry conservation
depends on the magnetic orientation and the crystalline
symmetries. More specifically the [001] collinear mag-
netic configuration is invariant under (1) inversion sym-
metry (P ), (2) fourfold rotational symmetry about the
z-axis (C4z) and (3) mirror reflection symmetry normal
to the z direction (Mz). We next discuss the effect of
magnetization orientation (collinear versus noncollinear)
on the topological features of the band structure.
Weyl Nodes in Collinear Ferrimagnetism— In the
presence of SOC, the mirror symmetry M[110] is no longer
preserved when the magentization of the collinear fer-
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FIG. 2: (Color online) (a) Spin polarized band structure along
kz-axis (Γ−M direction) without SOC, where the blue (red)
bands denote the spin-up (spin-down) states. The two non-
trivial crossing points, denoted with the black dots, are la-
beled with the pair of eigenvalues, (±1,±1), of the mirror,
M[110], and four-fold rotational, C4z, symmetries, which pro-
tect them, (b) 3D landscape of the nodal lines where the two
black dots denote the two nontrivial crossing points in (a).
The color bar represents the energy of the nodal points rela-
tive to the Fermi energy.
TABLE I: The C4z-protected Weyl fermion on kz axis. uc(uv)
denotes the eigenvalue of C4z in conduction (valence) band.
C denotes chiral charge.
kz(A˚
−1) E-EF (meV) uc/uv C
Dispersion
on kx-ky plane
0.2811 229 -1 2 k2
-0.2811 229 -1 -2 k2
rimagentic Mn3Ga is along the [001] direction. Con-
sequently, in general the nodal points in Fig. 2(b) are
gapped out except for those crossing points along kz
which are protected by the C4z rotational symmetry.
Thus, for the band structure along the C4z-invariant kz-
axis, shown in Fig. 3(a), we can identify the states by
the eigenvalues of C4z and locate the nontrivial crossing
points associated with different eigenvalues. The non-
trivial crossing points, marked by red circles in Fig. 3(a),
are Weyl nodes protected by C4z symmetry, whose posi-
tion along kz, energy relative to EF , ratio of conduction
to valence band C4z eigenvalues, uc/uv, chiral charge, C,
and dispersion are summarized in Table I. Interestingly,
the C4z-protected Weyl fermion with uc/uv= -1 carries
chiral charge +2 and has quadratic dispersion on the kx-
ky plane,
6 in sharp contrast to the double Weyl fermion
with fourfold degeneracy and linear dispersion1. Its other
parity partner has opposite chiral charge of -2. Fig. 3(b)
displays the two Fermi arcs on the (100) surface emerging
from the two charge-2 Weyl nodes.
Evolution of Weyl Fermions in NonCollinear
Ferrimagnetism— Neutron scattering experiments
have reported32 a noncollinear ferrimagnetic magnetic
structure in the DO22 ferrimagnetic Mn3Ga structure,
where there is a significant in-plane magnetic moment,
µ2bx = 1.19µB carried by the MnI atoms [on the Mn-Ga
(001) plane] leading to a 21◦ tilt of the MnI moment
from the crystallographic c axis [see Fig. 4(a)]. This
noncollinear magnetic ordering spontaneously breaks
both the C4z and Mz symmetry operations while only
preserving P . Consequently, the C4z-protected double
Weyl fermion on the kz axis for the case of collinear
ferrimagntism splits into two charge-1 Weyl fermions
which shift away from the kz axis.
In order to investigate this scenario, we have studied
the evolution of the Weyl points upon rotation of all mag-
netic moments of the MnI atoms at the Wyckoff positions
2b with respect to the crystallographic z axis by the angle
θ, µ2b = µ2b(− sin θxˆ+ cos θzˆ), while fixing the direction
of the MnII magnetic moments, as shown in Fig. 4(a).
Here, θ = 180° indicates the collinear (001) ferrimag-
netism. Using the Wannier functions we find that at θ
= 160° the magnitude of the calculated x-component of
the magnetic moment of the MnI atoms is 0.94µB/Mn
in good agreement with the corresponding experimental
values of 1.12µB . Fig. 4(b) shows the evolution of the
Weyl nodes as θ changes from 180° to 170° and finally
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FIG. 3: (Color online) (a) Band structure along the kz-axis (Γ−M direction) with SOC, protected by C4z symmetry. The two
Weyl points, denoted with red dots, have chiral charge of ±2. (b) Two Fermi arcs on the (100) surface where green (red) color
denotes the spectral weight of the surface (bulk) states. Solid (hollow) white circle denotes positive (negative) chiral charge,
and white arrows indicate the Fermi arcs emerging from the Weyl nodes.
to 160°. Initially, at θ = 180°, the two charge-2 Weyl
nodes lie on the kz-axis. As θ decreases each charge-
2 Weyl node splits into two charge-1 Weyl nodes which
move away from the kz-axis, leading to the emergence of
four charge-1 Weyl fermions in the case of noncollinear
ferrimagnetism. Our electronic structure calculations of
the Fermi arcs on the (100) surface for θ = 160 °show
that the noncollinear effect is small on the Fermi arcs in
Fig. 3(b), at least for small angle.
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FIG. 4: (Color online) (a) Noncollinear ferrimagnetic DO22
structure of Mn3Ga,
32 where the MnI atoms [on the Mn-Ga
(001) plane] carry a substantial in-plane magnetic moment
leading to a tilt of their moments from the crystallographic c
axis. (b) Evolution of Weyl nodes in the 3D BZ as a function
of tilt angle θ, where the red, green and blue circles denote the
Weyl nodes at θ = 180°, 170° and 160°,respectively. Dashed
arrows show the motion of Weyl points with decreasing θ. At
θ =180°, (collinear case) the two charge-2 Weyl nodes lie on
the C4z-protected kz-axis. For θ 6=180° each charge-2 Weyl
node splits into two charge-1 Weyl nodes which in turn move
away from the kz-axis. The integer above each Weyl node
denotes the chiral charge.
IV. CONCLUSION
In summary, our ab initio electronic structure calcula-
tions have shown that in the absence of SOC, nontrivial
nodal lines emerge in collinear ferrimagnetic tetragonal
Mn3Ga. The nodal lines are protected by both mirror re-
flection symmetry normal to the [110] direction, M[110],
and a four-fold rotational symmetry, C4z. The presence
of SOC gaps out the nodal lines except for the nodal line
intersecting points which become C4z-protected charge-
2 Weyl nodes with quadratic dispersion in the kx-ky
plane. The noncollinear magnetism associated with the
MnI atoms splits the double Weyl nodes Fermions into
two charge-1 Weyl nodes moving away from the kz axis,
whose separation can be selectively tuned by the noncol-
linarity angle.
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